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Glucosinolates are natural plant products that function in the defense toward herbivores and pathogens. Plant defense is
regulated by multiple signal transduction pathways in which salicylic acid (SA), jasmonic acid, and ethylene function as
signaling molecules. Glucosinolate content was analyzed in Arabidopsis wild-type plants in response to single or combi-
natorial treatments with methyljasmonate (MeJA), 2,6-dichloro-isonicotinic acid, ethylene, and 2,4-dichloro-phenoxyacetic
acid, or by wounding. In addition, several signal transduction mutants and the SA-depleted transgenic NahG line were
analyzed. In parallel, expression of glucosinolate biosynthetic genes of the CYP79 gene family and the UDPG:thiohydroxi-
mate glucosyltransferase was monitored. After MeJA treatment, the amount of indole glucosinolates increased 3- to 4-fold,
and the corresponding Trp-metabolizing genes CYP79B2 and CYP79B3 were both highly induced. Specifically, the indole
glucosinolate N-methoxy-indol-3-ylmethylglucosinolate accumulated 10-fold in response to MeJA treatment, whereas
4-methoxy-indol-3-ylmethylglucosinolate accumulated 1.5-fold in response to 2,6-dichloro-isonicotinic acid. In general, few
changes were seen for the levels of aliphatic glucosinolates, although increases in the levels of 8-methylthiooctyl glucosi-
nolate and 8-methylsulfinyloctyl glucosinolate were observed, particularly after MeJA treatments. The findings were
supported by the composition of glucosinolates in the coronatine-insensitive mutant coi1, the ctr1 mutant displaying
constitutive triple response, and the SA-overproducing mpk4 and cpr1 mutants. The present data indicate that different
indole glucosinolate methoxylating enzymes are induced by the jasmonate and the SA signal transduction pathways,
whereas the aliphatic glucosinolates appear to be primarily genetically and not environmentally controlled. Thus, different
defense pathways activate subsets of biosynthetic enzymes, leading to the accumulation of specific glucosinolates.

Glucosinolates are amino acid-derived natural
plant products that function in the defense against
herbivores and microorganisms. Upon tissue disrup-
tion, e.g. caused by insect feeding, glucosinolates are
hydrolyzed by specific thioglucosidases called my-
rosinases to produce an array of biologically active
compounds, typically isothiocyanates, nitriles, and
thiocyanates (for review, see Halkier, 1999; Rask et al.,
2000). These compounds function as inhibitors of mi-
crobial growth (Mari et al., 1993; Manici et al., 1997), as
attractants for specialist insects, and as deterrents of
generalist herbivores. For humans, glucosinolates are
important as flavor compounds, as cancer-preventive
agents, and as biopesticides in agriculture.

Glucosinolate biosynthesis is considered a three-
step process: First, the amino acid may enter the
chain elongation pathway, in which the condensing
enzymes MAM1 and MAM-L have recently been
identified (de Quiros et al., 2000; Kroymann et al.,
2001). Second, the core glucosinolate structure is
formed (see below); and third, secondary modifica-
tions of the core structure can take place, which
include e.g. methoxylation of the indole structure of
Trp-derived glucosinolates and oxidation of the Met-
derived side chains. 2-Oxoglutarate-dependent di-
oxygenases catalyzing conversion of methylsulfiny-
lalkyl glucosinolates to alkenyl or hydroxyalkenyl
glucosinolates were recently identified (Kliebenstein
et al., 2001). The first committed step in biosynthesis
of the core structure of glucosinolates is the conver-
sion of amino acids to the corresponding aldoximes.
This step is catalyzed by cytochromes P450 from the
CYP79 family, which in Arabidopsis includes seven
members. CYP79B2 and CYP79B3 metabolize Trp
(Hull et al., 2000; Mikkelsen et al., 2000), CYP79F1
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and CYP79F2 metabolize chain-elongated Met deriv-
atives with respectively 1-6 or 5-6 additional methyl-
ene groups in the side chain (Hansen et al., 2001b;
Reintanz et al., 2001; S. Chen, E. Glawischnig, and
B.A. Halkier, unpublished data), CYP79A2 metabo-
lizes Phe (Wittstock and Halkier, 2000), and CYP79C1
and CYP79C2 have not yet been assigned a function.
Because CYP79s catalyze a key step in the biosynthe-
sis of glucosinolates, alteration of the expression of
these genes often has dramatic effects on the profile
of glucosinolates (for review, see Mikkelsen et al.,
2002). The aldoxime-metabolizing enzymes are cy-
tochromes P450 belonging to the CYP83 family (Bak
et al., 2001; Hansen et al., 2001a). CYP83A1 metab-
olizes the aliphatic aldoximes, whereas CYP83B1
metabolizes the indole and aromatic aldoximes (Bak
and Feyereisen, 2001; P. Naur and B.A. Halkier,
unpublished data). In the remaining part of the core
pathway, a candidate Arabidopsis UDP-Glc:S-
thiohydroximic acid glucosyl transferase (S-GT) has
been identified (Petersen et al., 2001) based on ho-
mology to a putative Brassica sp. S-GT (Marillia et
al., 2001).

Several signaling molecules have been identified in
plant defense responses. These include jasmonic acid
(JA), salicylic acid (SA), and ethylene, which have
been shown to operate independently and/or syner-
gistically in different signal transduction pathways
(for review, see Thomma et al., 2001). Jasmonates
affect a wide range of processes in plants, including
root growth, fruit ripening, senescence, pollen devel-
opment, tuber formation, and defense against insects
and pathogens (for review, see Reymond and
Farmer, 1998; Xie et al., 1998). SA has mainly been
associated with resistance to bacterial pathogens (Pi-
eterse and van Loon, 1999; Feys and Parker, 2000),
but evidence that SA is involved in responses to
insects is emerging (Moran and Thompson, 2001).
2,6-Dichloro-isonicotinic acid (INA) is a functional
homolog of SA and induces the same subset of genes
(Uknes et al., 1992). Ethylene is a plant hormone
involved in developmental processes such as e.g.
hypocotyl and root elongation, but also in defense
responses (Johnson and Ecker, 1998; Chang and
Shockey, 1999). Many defense response genes, in-
cluding PDF1.2, PR5, and basic chitinase, are acti-
vated synergistically by JA and ethylene (Xu et al.,
1994; Penninckx et al., 1998; Norman-Setterblad et al.,
2000). However, JA-dependent activation of vegeta-
tive storage protein (VSP) expression is suppressed
by ethylene as evidenced by increased VSP expres-
sion in ethylene-insensitive mutants (Rojo et al., 1999;
Norman-Setterblad et al., 2000). JA-dependent de-
fense against certain insects is similarly suppressed
by ethylene (Stotz et al., 2000). Auxins have been
shown to antagonize JA-dependent signal transduc-
tion (Rojo et al., 1998) and formation of Trp-derived
secondary metabolites (Goddijn et al., 1992).

Several mutants in the plant defense signal trans-
duction pathways have been identified (Glazebrook,
2001). In the JA insensitive coi1 mutant, JA is synthe-
sized at normal levels (Feys et al., 1994), but the
induction of genes normally induced by JA such as
PDF1.2 and THI2.1 is suppressed (Penninckx et al.,
1996, 1998; Xie et al., 1998; Pieterse and van Loon,
1999). The ctr1 (constitutive triple response) mutant
exerts a constitutive triple response, which includes a
constitutive ethylene response, inhibition of hypo-
cotyl and root elongation, and constitutive expres-
sion of PDF1.2. The mutants cpr1 (constitutive ex-
pression of PR proteins) and mpk4 (map kinase 4),
accumulate increased levels of SA, exhibit constitu-
tive expression of PR genes, and have enhanced re-
sistance to certain virulent strains of Pseudomonas
spp. (Bowling et al., 1994; Petersen et al., 2000). Fur-
thermore, mpk4 is insensitive to JA (Petersen et al.,
2000). Introduction of the bacterial salicylate hydrox-
ylase encoding NahG gene under control of the cau-
liflower mosaic virus 35S promoter into Arabidopsis
has generated a SA-deficient transgenic line unable
to accumulate SA (Delaney et al., 1994).

Plant species belonging to the Brassicaceae family
produce aliphatic, aromatic, and indole glucosino-
lates. In general, glucosinolates are believed to play a
role in plant defense and are classified both as phy-
toanticipines and as phytoalexins. This poses the
question of whether specific glucosinolates are con-
stitutively present and others inducible, and in the
latter case, which signaling pathways are activated.
The available mutants are valuable tools for elucidat-
ing the roles of different signal transduction path-
ways in the induction of defense compounds such as
e.g. glucosinolates.

In white mustard (Sinapis alba), methyljasmonate
(MeJA) has been shown to increase the incorporation
rate of 14C-Tyr into p-hydroxybenzylglucosinolate,
(Du et al., 1995). White mustard and oilseed rape
(Brassica napus) either treated with MeJA or
wounded have been shown to accumulate increased
levels of indol-3-ylmethyl glucosinolate (i-3ym;
Bodnaryk, 1992; Bodnaryk, 1994). In other studies,
oilseed rape and Arabidopsis treated with MeJA
were shown to accumulate both i-3ym and N-me-
thoxyindol-3-ylmethyl glucosinolate (Nmi-3ym;
Doughty et al., 1995; Brader et al., 2001). In leaves of
oilseed rape, SA was shown to increase the overall
level of glucosinolates, of which the major Phe-
derived 2-phenylethyl glucosinolate showed the
highest accumulation (Kiddle et al., 1994).

In the present study, we have determined the glu-
cosinolate composition and content in response to
treatment with MeJA, ethylene, and INA in Arabi-
dopsis wild-type plants and in several signaling mu-
tants to elucidate the potential role of different de-
fense pathways in induction or suppression of
specific glucosinolates and biosynthetic genes.

Modulation of Glucosinolate Profiles
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RESULTS

Reverse Transcriptase (RT)-PCR Analysis of Elicitor-
Treated Wild-Type Arabidopsis

Expression levels of CYP79 genes were monitored
by semiquantitative RT-PCR because northern anal-
ysis was hampered by low abundance of the tran-
scripts and possible cross-hybridization between
closely related gene family members of the CYP79
family. For each primer set, the optimal number of
cycles was determined based on 20 to 30 cycles for
Actin1, PDF1.2, and PR1, and 32 to 38 cycles for the
individual CYP79s (for details, see “Materials and
Methods”). RT-PCR was performed on RNA isolated
from Arabidopsis rosette leaves treated with MeJA,
INA, 1-aminocyclopropane-1-carboxylate (ACC, an
ethylene precursor), MeJA in combination with ACC,
and mechanical wounding. The plants were not vis-
ibly affected by any of the treatments.

PDF1.2 was induced transiently up to 1.5 � 0.2-fold
by MeJA, 4.8 � 0.6-fold by ACC, and 6.1 � 0.5-fold
by the combination of ACC and MeJA (Fig. 1). The
induction by ACC and MeJA was both stronger and
faster than for any of single hormone treatments. PR1
was used as positive control for the INA treatment
(Uknes et al., 1992). PR1 was induced 16.8 � 0.9-fold
by INA treatment, and 3.3 � 0.6-fold and 3.6 �
0.2-fold by ACC and MeJA treatments, respectively.
PR1 is generally referred to as a SA inducible gene,
although it was previously shown to be induced by a
combination of ethylene and MeJA (Xu et al., 1994),
as was also observed in the present study. Lack of
ethylene- and MeJA-dependent induction of PR1 in
many studies might be attributable to limited sensi-
tivity of northern analysis.

CYP79B2 expression was induced up to 1.5 � 0.2-
fold by wounding, 2.8 � 0.4-fold by MeJA in combi-
nation with ACC, and 4.6 � 0.6-fold after MeJA
treatment alone (Fig. 1). The induction after wound-

ing peaked at 4 h. After both MeJA treatments, a
strong induction of CYP79B2 was evident after 4 h
and peaked at 24 h, after which the expression level
remained constant. ACC appeared to suppress the
induction of CYP79B2 caused by MeJA treatment
because the combination of MeJA and ACC gave rise
to a smaller induction than MeJA treatment alone. A
slight decrease in expression of CYP79B2 during the
course of the experiments was seen in control plants,
which suggests a developmentally determined
down-regulation.

CYP79B3 was induced 3.5 � 0.4-fold by MeJA and
up to 1.7 � 0.4 by MeJA in combination with ACC,
and the induction levels were lower than those ob-
served for CYP79B2 (Fig. 1). MeJA treatment gave the
highest induction, and this induction was suppressed
when added in combination with ACC. The induc-
tions after both MeJA treatments peaked at 24 h.
Interestingly, the basal expression level of CYP79B3
was suppressed to 0.6 � 0.1-fold that of control levels
by ACC treatment.

The level of CYP79F1 mRNA was induced 2.0 � 0.4
by MeJA. The induction peaked at 24 h. The com-
bined treatment of MeJA and ACC suppressed the
induction of CYP79F1 expression after MeJA treat-
ment to control levels (1.1 � 0.2). CYP79F2 was in-
duced 1.7 � 0.1-fold by the MeJA treatment and 1.4 �
0.2-fold after the combined MeJA and ACC treat-
ment. Expression of CYP79A2 and CYP79C1 was un-
detectable after 45 cycles with primer sets that
readily amplify the expected fragments from gDNA
(data not shown). No change in the expression pat-
tern of any of the CYP79s after INA treatment was
detected (data not shown).

Glucosinolate Analysis of Arabidopsis after
Treatment with Signaling Molecules

Glucosinolates were extracted from freeze-dried
rosette leaves subjected to the various treatments.
HPLC analysis of the most dominant glucosinolates
in rosette leaves of Arabidopsis included 3-methyl-
sulfinylpropyl- (3-msp), 3-hydroxypropyl- (3-OHp),
4-methylthiobutyl- (4-mtb), 4-methylsulfinylbutyl- (4-
msb), 4-benzoyloxybutyl- (4-bzb), 4-hydroxybutyl-,
5-methylsulfinylpentyl- (5-msp), 7-methylsulfinyl-
heptyl- (7-msh), 7-methylthioheptyl- (7-mth),
8-methylthiooctyl- (8-mto), 8-methylsulfinyloctyl- (8-
mso), i-3ym, Nmi-3ym, and 4-methoxyindol-3-
ylmethyl- (4mi-3ym) glucosinolate, which were iden-
tified and quantified as described previously
(Petersen et al., 2001, 2002).

For short-chain Met-derived glucosinolates (C3-C6
side chains), no significant increase was seen for
3-msp, 4-mtb, or 4-msb (data not shown). 5-msp was
increased 2-fold from 0.27 � 0.1 to 0.53 � 0.1 nmol
mg dry weight�1 after MeJA treatment. 5-msp was
the only short-chain Met-derived glucosinolate that
was affected significantly by the treatments (data not
shown).

Figure 1. Expression of CYP79 genes in Arabidopsis leaves after
treatment with different signaling molecules. Semiquantitative RT-
PCR analysis was performed on leaves of 6-week-old Arabidopsis
plants 4, 24, and 48 h after treatment with INA, MeJA, ACC, MeJA,
and ACC or after wounding. Actin1 was used as control of equal RNA
loading and RT-reaction efficiency. PDF1.2 was used as a positive
control for ACC and MeJA treatments, and PR1 was used as a positive
control for INA treatment. The experiments were performed twice on
three independent sets of plants.
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For long-chain Met-derived glucosinolates (C7 and
C8 side chains), no significant increase was seen for
7-msh after any of the treatments (data not shown).
After MeJA treatment, the concentration of 8-mto
increased approximately 3-fold compared with con-
trol plants (Fig. 2A). This increase was apparent after
24 h and at its highest at 48 h. 8-mto was efficiently
oxidized into 8-mso, that was present in concentra-
tions of approximately 5-fold that of 8-mto (Fig. 2B).
8-mso was present at higher concentrations after INA
treatment, MeJA treatment, and ACC treatment and
after the combined treatment of MeJA and ACC. A
slight 8-mso accumulation was observed after INA,
MeJA, and ACC treatments. After the combined
treatment with MeJA and ACC, the concentration of
8-mso was constant at 24 and 48 h and reached a
concentration that was slightly below that seen for
the other three treatments. The increase in 8-mso in
response to several of the treatments without a si-
multaneous increase in 8-mto suggests that the en-
zyme activities responsible for synthesizing 8-mto
and oxidizing 8-mto into 8-mso are induced by the
same treatments. One exception, however, was ob-
served following MeJA treatment, after which the
8-mto concentration increased approximately 4-fold
from 0.3 � 0.1 to 1.2 � 0.2 nmol mg�1 dry weight.
This shows that under these conditions, 8-mto accu-
mulates faster than the oxidizing enzyme is able to
convert 8-mto to 8-mso.

After MeJA treatment, the concentration of i-3ym
in rosette leaves increased more than 2-fold com-
pared with that of control plants (Fig. 3A). Upon
treatment with both MeJA and ACC, the concentra-
tion of i-3ym increased to approximately two times

that of control plants. In both cases, the accumulation
was evident after 24 h, at which point the concentra-
tion reached approximately three-quarters of the
level seen at 48 h. A slight increase in the i-3ym
concentration was seen after wounding. i-3ym may
be methoxylated at the 4� and N� position of the
indole ring structure leading to the formation of 4mi-
3ym and Nmi-3ym, respectively. The 4mi-3ym con-
centration was shown to increase moderately after
INA treatment and after ACC treatment (Fig. 3B).
Furthermore, the increased accumulation of 4 mi-
3ym in response to ACC treatment was absent when
MeJA was added in concert. This indicates that the
enzyme activities responsible for methoxylation of
i-3ym to 4mi-3ym are induced by INA and ACC and
suppressed by MeJA. Nmi-3ym was shown to accu-
mulate dramatically after MeJA treatment (Fig. 3C).
The concentration of Nmi-3ym increased more than
10-fold from 0.3 � 0.1 to 3.8 � 0.1 nmol mg�1. At
24 h, the Nmi-3ym concentration reached three-
quarters of that at 48 h. Interestingly, the Nmi-3ym
concentration was only increased approximately
2-fold upon a combined MeJA and ACC treatment.
This indicates that the enzyme activities responsible
for the N-methoxylation of i-3ym are strongly in-
duced by MeJA and that this induction is suppressed
by ACC.

The total levels of indole and aliphatic glucosino-
lates were determined from the concentrations of the
individual glucosinolates depicted in Figures 2 and 3.

Figure 2. Analysis of long-chain aliphatic glucosinolates in Arabi-
dopsis leaves after treatment with signaling molecules or wounding.
Six-week-old plants were treated with MeJA, ACC, INA, MeJA, and
ACC or subjected to wounding. Glucosinolates were extracted from
rosette leaves harvested at 4, 24, and 48 h after treatment and analyzed
by HPLC. The analyses were done in triplicates on pools of eight to 12
plants grown independently. The error bars shown denote SD.

Figure 3. Analysis of indole glucosinolates in Arabidopsis leaves
after treatment with signaling molecules or wounding. Six-week-old
Arabidopsis plants were treated with MeJA, ACC, INA, MeJA, and
ACC or wounded. For details, see Figure 2 legend.

Modulation of Glucosinolate Profiles
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After MeJA treatment, indole glucosinolate concen-
tration increased 3-fold from 3.3 � 0.2 to 10.2 � 0.1
nmol mg�1. Even though long-chain aliphatic glu-
cosinolates increased from 2.4 � 0.2 to 4.5 � 0.2 nmol
mg�1, the percentage of indole glucosinolates of the
total glucosinolate content doubled from 18% � 2%
to approximately 34% � 3%. The combined treatment
of MeJA and ACC resulted in an increase in the total
concentration of indole glucosinolates from 3.3 � 0.2
to 5.5 � 0.8 nmol mg�1. The concentration of long-
chain aliphatic glucosinolates increased from 2.4 �
0.2 to 3.3 � 0.4 nmol mg�1.

Effects of Auxin on CYP79s and Glucosinolates

The effect of auxin treatment on the glucosinolate
profile was analyzed in Arabidopsis seedlings grown
on medium with or without 2,4-dichloro-phenoxy-
acetic acid (2,4-D; Fig. 4A). In untreated plants, the
total concentration of short-chain aliphatic glucosino-
lates was 5.7 � 1.1 nmol mg�1. This value was re-
duced significantly when seedlings where grown on
0.2 or 1 �m 2,4-D (2.1 � 0.9 nmol mg�1 and 1.6 � 1.0
nmol mg�1, respectively). The most dramatic de-
crease was observed for 4-msb, which was reduced
5-fold from 4.0 � 1.3 to 0.7 � 0.02 nmol mg�1 in
seedlings grown on 0.2 �m 2,4-D. In contrast, the
concentrations of long-chain aliphatic and indole glu-
cosinolates were increased from 0.9 � 0.04 and 2.2 �

0.1 nmol mg�1 to 2.4 � 0.5 and 4.6 � 0.5 nmol mg�1,
respectively.

In parallel, the expression of CYP79B2, CYP79B3,
CYP79F1, and CYP79F2 was monitored by RT-PCR
(Fig. 4B). After treatment with 0.2 �m 2,4-D, expres-
sion of CYP79B2 and CYP79B3 was induced 1.6 �
0.2- and 1.3 � 0.2-fold, respectively, whereas expres-
sion of CYP79F1 was reduced to 0.4 � 0.1-fold of the
level found in control plants. This indicates that
auxin-induced changes of the glucosinolate profile
are mainly mediated on the level of CYP79
transcription.

Signal Transduction Mutants

The possible role of different signaling pathways in
induction or suppression of glucosinolate accumula-
tion was studied using available well-characterized
mutants and transgenic lines affecting the signaling
of JA (coi1), ethylene (ein2 and ctr1), and SA (mpk4,
cpr1, and NahG). As expected, the glucosinolate pro-
file of the JA-insensitive coi1 mutant treated with
MeJA (Fig. 5A) was similar to that of untreated coi1
and to that of untreated wild type (data not shown).
Interestingly, coi1 accumulated 3-fold more 3-msp
and 4-msb than wild type, whereas the level of 4-mtb
was reduced by almost 50%. These glucosinolates
were unaffected by all of the treatments examined in
wild-type plants. This difference may reflect activa-
tion or suppression of pathways in coi1, which are
not affected by the different hormonal treatments. In
agreement with the induction of the indole glucosi-
nolates in wild type treated with MeJA, the putative

Figure 4. Effect of 2,4-D treatment on glucosinolate composition and
CYP79 gene expression in 15-d-old seedlings. A, Concentration of
the major glucosinolates in seedlings grown on Murashige and Skoog
medium (light gray) or Murashige and Skoog medium supplemented
with 0.2 �M 2,4-D (dark gray). The experiments were done in tripli-
cates. Error bars denote SD. B, Relative gene expression of Actin1,
CYP79B2, CYP79B3, CYP79F1, and CYP79F2, as determined by
RT-PCR.

Figure 5. Analysis of glucosinolate profile in seedlings of the coi1
and ctr1 mutants. A, Concentration of major glucosinolates in
3-week-old plants of coi1 and wild type grown on Murashige and
Skoog medium in the absence or presence of 50 �M MeJA. B,
Northern analysis of S-GT expression in wild type and coi1 after
MeJA treatment. C, Major glucosinolates in 3-week-old plants of ctr1
and wild type. The glucosinolates were analyzed by HPLC and the
experiments were done in triplicates. Error bars denote SD.
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S-GT, which is believed to be specific for the glucosi-
nolate biosynthetic pathway, was induced in re-
sponse to the MeJA treatment (Fig. 5B). In coi1 treated
with MeJA, S-GT mRNA was expressed at a level
comparable with that of untreated wild-type plants.

The glucosinolate profile of the ethylene response
mutant ctr1 was similar to wild type with respect to
aliphatic glucosinolates (Fig. 5C). However, whereas
the level of 4mi-3ym was reduced by 50% and the
level of i-3ym was slightly decreased, the level of
Nmi-3ym was significantly increased. The response
differed significantly from that of ACC-treated
wild-type plants and indicates that the response of
ctr1 is more complex than a simple constitutive
up-regulation of the ethylene signal transduction
pathway.

In the SA-overproducing mpk4 and cpr1 mutants,
the total amount of glucosinolates was reduced ap-
proximately 50% compared with wild type (Fig. 6, A
and B). For cpr1, this was primarily because of a
reduction of aliphatic glucosinolates, whereas in
mpk4, the level of both indole- and aliphatic glucosi-
nolates was reduced. With the exception of 3-mtp in
mpk4, the level of individual aliphatic glucosinolates
in both mutants was approximately one-half that of
wild type. In mpk4 and to a lesser extend in cpr1,
4mi-3ym accumulated to significantly higher levels
than in wild type. The increase was not seen in
mpk4NahG plants, which further confirms that in-
duction of 4mi-3ym is SA dependent (Fig. 7). This is
in agreement with the result that methoxylation at
the 4� position was induced by INA, which indicates
that 4mi-3ym accumulated in mpk4 and cpr1 because

of their elevated levels of endogenous SA. In cpr1, the
concentration of i-3ym was slightly below that of
wild type (Fig. 6B). Treatment of mpk4 with MeJA did
not result in increases of i-3ym or Nmi-3ym, which
supports the JA insensitivity of mpk4 (Fig. 7). In con-
trast to the mpk4 mutant, MeJA treatment of cpr1
resulted in elevated levels of i-3ym and Nmi-3ym.
The increase of both i-3ym and Nmi-3ym was ap-
proximately 2-fold compared with uninduced levels,
whereas in the wild-type i-3ym and Nmi-3ym were
induced approximately 3- and 7-fold, respectively.
This indicates that the increased SA level in the mu-
tant suppresses MeJA induction.

In NahG plants, the level of i-3ym was increased
dramatically, whereas the other MeJA inducible in-
dole glucosinolate, Nmi-3ym, was not. A similar in-
crease of i-3ym was not observed in mpk4NahG
plants.

DISCUSSION

Hormonal Treatments of Wild-Type Arabidopsis

In the present paper, we have studied the expres-
sion of major CYP79 genes and the accumulation of
the corresponding glucosinolates in response to var-
ious hormonal treatments of Arabidopsis wild-type
plants and mutants in signaling pathways. In gen-
eral, the induction of CYP79s correlated with accu-
mulation of the corresponding glucosinolates.
CYP79B2 and CYP79B3 were highly induced by
MeJA, and the concentration of indole glucosinolates
increased in response to the treatment. The combina-
tion of MeJA and ACC induced CYP79B2 and to a
lesser extent CYP79B3. This was reflected in the ac-
cumulation of a correspondingly smaller amount of
indole glucosinolates. Accumulation of CYP79B2 and
CYP79B3 mRNA was induced already after 4 h,
whereas the accumulation of the corresponding glu-
cosinolates was evident after 24 h showing an ex-
pected delay as gene expression precedes metabolite

Figure 6. Analysis of glucosinolate profile in mpk4 and cpr1 mutants
and wild type. Glucosinolates were extracted from 3-week-old plants
and analyzed by HPLC. A, mpk4, ecotype Ler. B, cpr1, ecotype
Col-0. The experiments were done in triplicates. Error bars denote SD.

Figure 7. The content of indole glucosinolates in signaling mutants
after treatment with MeJA. Three-week-old mpk4, NahG, cpr1,
mpk4NahG plants, and Col-0 were sprayed with 250 �M MeJA and
harvested after 24 h. Glucosinolates were extracted and analyzed by
HPLC. The experiments were done in triplicates. Error bars denote SD.
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accumulation. In a recent study, northern analysis of
Arabidopsis treated with a culture filtrate of Erwinia
carotovora or MeJA showed strong induction of
CYP79B3, whereas CYP79B2 was only weakly in-
duced under these conditions (Brader et al., 2001).
This observation may reflect the lower expression
level of CYP79B2 combined with detection limita-
tions of northern analysis.

In the present study, expression of CYP79B3 was
induced by MeJA and suppressed by ACC. CYP79B3
is the first gene conclusively shown to be regulated in
this way. The reduced induction of CYP79B3 after the
combined MeJA and ACC treatment is likely attrib-
utable to suppression by ethylene. VSP shows similar
regulation as CYP79B3 after combined MeJA and
ACC treatments. It is, however, unclear if VSP is
down-regulated by ethylene because the limited sen-
sitivity of the northern analysis did not allow detec-
tion of VSP during uninduced conditions. The induc-
tion patterns of VSP and CYP79B3 differ in that
CYP79B3 is not induced by wounding whereas VSP
is heavily wound induced. The nature of the
CYP79B3 expression pattern indicates that at least
two signaling pathways interact to mediate CYP79B3
expression. CYP79B3 may accordingly function as a
marker for genes that are induced by MeJA and
suppressed by ethylene. CYP79B2 has been reported
to be induced by treatment with Pseudomonas syringae
pv maculicola (Hull et al., 2000) and wounding
(Mikkelsen et al., 2000), as evidenced by northern
analysis. The reported expression data may, how-
ever, not be CYP79B2 specific. In the present study,
RT-PCR shows that both CYP79B genes are inducible
and that CYP79B2 undergoes higher levels of induc-
tion than CYP79B3. The data suggest that both
CYP79B2 and CYP79B3 are responsible for maintain-
ing a basal level of indole glucosinolates and that
both are induced following pathogen attack to in-
crease accumulation of indole glucosinolates.

CYP79F1 and CYP79F2, which are involved in bio-
synthesis of aliphatic glucosinolates, were induced
by MeJA. The concentration of long-chain aliphatic
glucosinolates increased after MeJA treatment. This
could be part of the response to make the plant more
resistant to pathogens as the toxicity of the glucosi-
nolate breakdown products in general increases with
increasing side-chain length (Borek et al., 1998).
MeJA has not previously been identified as an in-
ducer of long-chain aliphatic glucosinolates. Interest-
ingly, both 8-mto and 8-mso accumulated after MeJA
treatment, whereas the only short-chain aliphatic
glucosinolate to accumulate was 5-msp. The increase
in 8-mto and 8-mso was approximately 10-fold
higher than that of 5-msp. After MeJA treatment,
CYP79F1 was induced more heavily than CYP79F2. It
was expected that CYP79F2 and not CYP79F1 was
induced by the treatment because CYP79F2 specifi-
cally metabolizes long-chain Met-derived amino ac-
ids, whereas CYP79F1 metabolizes all chain-

elongated Met-derived amino acids. The data suggest
that under induced conditions, the products of the
chain elongation pathway and not the CYP79s deter-
mine the profile of aliphatic glucosinolates. If sepa-
rate chain elongation pathways exist for short- and
long-chain Met derivatives (Kroymann et al., 2001),
the machinery for long-chain Met derivatives would
thus be induced by MeJA. Further studies are needed
to clarify this issue.

In our study, MeJA was shown to be the most
potent elicitor of glucosinolate biosynthesis. Treat-
ment of oilseed rape and Arabidopsis with MeJA has
previously been shown to induce i-3ym and Nmi-
3ym biosynthesis (Bodnaryk, 1992, 1994; Doughty et
al., 1995; Brader et al., 2001). Our data supported
these findings and showed that specifically Nmi-3ym
biosynthesis was induced strongly in response to
MeJA treatment and that this induction was sup-
pressed by the addition of ACC. 4mi-3ym did not
accumulate after this treatment but was induced by
INA and ACC, and the ACC induction was sup-
pressed by the addition of MeJA. This indicates that
the enzyme activities responsible for converting
i-3ym to respectively 4mi-3ym and Nmi-3ym are in-
duced by different signaling pathways. Furthermore,
this suggests that these compounds function in dif-
ferent defense pathways and that these pathways
produce specific effector molecules.

Many processes in plants are regulated by auxin,
and auxin biosynthesis has been proposed to be in-
terconnected with the biosynthesis of indole glucosi-
nolates (Hull et al., 2000; Mikkelsen et al., 2000; Bak et
al., 2001). In addition, knockout mutants in the glu-
cosinolate biosynthetic genes CYP83B1 and CYP79F1
showed “high” auxin phenotypes (Barlier et al., 2000;
Bak et al., 2001; Reintanz et al., 2001; Tantikanjana et
al., 2001). Seedlings grown on Murashige and Skoog
medium supplemented with 2,4-D showed a dra-
matic reduction in the level of short-chain aliphatic
glucosinolates and of gene expression of CYP79F1. In
contrast, the level of indole glucosinolates and the
expression of the CYP79B genes were induced. This
observation was consistent with the finding that a
CYP79F1 knockout mutant, had both higher levels of
IAA and increased levels of indole glucosinolates
(Reintanz et al., 2001). Because growth on 0.2 �m
2,4-D affected the morphology of the seedling by
increasing the formation of roots, it is not clear to
which extent auxin directly affects glucosinolate bio-
synthesis. The decreased level of short-chain ali-
phatic glucosinolates and the elevated level of Nmi-
3ym could partly reflect the enhanced root formation.
As an alternative, auxin could be an inducer of
CYP79B2 expression and therefore of indole glucosi-
nolate biosynthesis. The hypothesis is supported by
the presence of a putative auxin responsive element
(GAGACA, reverse orientation) located just 51 bp
upstream of the start codon of CYP79B2. No auxin
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responsive elements were found in the promoter of
CYP79B3.

Signal Transduction Mutants

Signal transduction mutants were analyzed for
their glucosinolate content and the modulation of
this in response to treatment with various hormones.
The presence of a basal level of glucosinolates in coi1
shows that MeJA is not required for biosynthesis.
MeJA induces glucosinolate biosynthesis by increas-
ing the transcription of biosynthetic genes such as the
CYP79 genes and S-GT (Figs. 1 and 5). These results
were confirmed by lack of induction of S-GT (Fig. 5)
and CYP79B3 (Brader et al., 2001) in the coi1 mutant.

In ctr1, the level of Nmi-3ym was increased com-
pared with wild-type plants. This could be attribut-
able to suppression of the N-methoxylating enzymes
in wild-type plants with normal levels of ethylene.
This is supported by the finding that ethylene per-
ception negatively affects JA-induced gene expres-
sion in Arabidopsis, because higher concentrations of
JA were needed to induce e.g. VSP in wild-type
plants than in the ethylene-insensitive ein2, ein3, and
etr1 mutants (Rojo et al., 1999).

In the SA-overproducing mpk4 and cpr1, the level
of i-3ym and Nmi-3ym was reduced, whereas the
level of 4mi-3ym was increased. This is in agreement
with results from wild-type plants showing that 4mi-
3ym was induced by INA. In support of a SA-
mediated accumulation of 4mi-3ym, the level of 4mi-
3ym was reduced in mpk4NahG plants. In a recent
study, Brader et al. (2001) found that the level of
4mi-3ym was decreased slightly in NahG plants.
However, they did not report increased accumula-
tion of 4mi-3ym upon SA treatment. This may be
because of a weaker induction caused by SA com-
pared with INA due to metabolism of SA as shown
previously (Uknes et al., 1992). NahG plants have
higher PDF1.2 background than wild-type plants
(Petersen et al., 2000). A basal level of SA could be
required to inhibit JA production, in which case the
JA level would be higher in NahG plants than in wild
type. This suggests that absence of SA results in an
induced JA pathway. However, the level of Nmi-3ym
was not increased in NahG plants, which suggests
that a repression of the JA pathway by SA is down-
stream of JA itself and does therefore only induce a
subset of genes. SA could alternatively repress part of
both the JA and the ethylene pathway. In accordance
with data obtained from induction of wild type with
MeJA and ACC, this would result in increased levels
of i-3ym and unaltered levels of Nmi-3ym as was
seen for NahG plants. This is supported by several
reports including Norman-Setterblad et al. (2000)
who showed that NahG plants treated with a culture
filtrate of E. carotovora induced VSP to higher levels
than similarly treated wild-type plants. Other reports
have demonstrated a similar SA-dependent inhibi-

tion of the JA pathway (Peña-Cortés et al., 1993;
Doares et al., 1995). i-3ym and Nmi-3ym biosynthesis
was induced by MeJA in cpr1, which also has ele-
vated levels of SA. The approximately 50% reduction
of total glucosinolates in both mpk4 and cpr1, com-
bined with induction of i-3ym and Nmi-3ym by
MeJA in cpr1 indicates that elevated endogenous SA
level suppresses overall glucosinolate biosynthesis
and antagonizes JA-dependent induction of indole
glucosinolates, although it does not abolish the JA
response. The mpk4 mutant has previously been sug-
gested to be insensitive to JA (Petersen et al., 2000).
Our data support this, because induction of indole
glucosinolates by JA is abolished in this mutant.

CONCLUSIONS

Glucosinolates constitute final products in the sig-
naling cascades. There is basically no information
available about the regulators that activate the glu-
cosinolate biosynthetic genes. In a recent paper, Chen
et al. (2002) took a genomics approach and monitored
by microarray analysis the regulation of one-third of

Figure 8. Signal transduction pathways and their effects on glucosi-
nolate biosynthetic genes and products. The upper part of the figure
represents an overview of the plant defense signal transduction path-
ways and their (synergistic and antagonistic) crosstalks. The lower
table summarizes the major effects on glucosinolate profiles and the
expression of glucosinolate biosynthetic genes in Arabidopsis treated
with SA, MeJA, and ethylene. The level of indole glucosinolates and
expression of CYP79B genes is highly affected, whereas expression of
CYP79F genes is barely affected. PDF1.2 and PR1 are included as
reference genes.
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the transcription factors in Arabidopsis at 81 differ-
ent experimental conditions, including treatment
with SA, JA, and ethylene, in both wild-type and
signaling mutants. The study identified a number of
transcription factors that are induced under particu-
lar stress conditions, which might be candidate genes
for activation of the glucosinolate pathway. Future
research will focus on the regulation of glucosinolate
biosynthesis in response to signaling molecules.

The present data show that different signal trans-
duction pathways activate specific biosynthetic and
secondary modifying enzymes, leading to altered
levels of specific glucosinolates (Fig. 8). The induc-
tion of glucosinolates by several defense pathways
strongly indicates that glucosinolates play a role in
plant defense, although knowledge on the biological
function of the individual glucosinolates in interac-
tion between plant-herbivores or plant-microorgan-
isms is limited.

In recent years, major breakthroughs have been
made with respect to identification of glucosinolate
biosynthetic genes and glucosinolate degradation en-
zymes (Wittstock and Halkier, 2002). This has pro-
vided the tools necessary for generation of plants
with specific glucosinolate profiles for study of the
role of glucosinolates in plant-insect and plant-
microorganism interactions. A basic understanding
of the biological role of specific glucosinolates will
enable the design of crop plants with improved pest
resistance. The recent advances have made this goal
a realistic possibility.

MATERIALS AND METHODS

Growth and Treatments of Arabidopsis

Arabidopsis ecotypes Columbia (Col-0) and Landsberg erecta (Ler) were
grown in soil in a controlled-environment growth chamber (AR-60 I, Per-
cival, Boone, IA) at a photosynthetic flux of 100 to 120 �mol photons m�2

s�1 at 12 h light, 20°C, and 70% relative humidity.
When rosettes were between 3 and 4 cm in diameter, the plants were

sprayed with 250 �m MeJA, 12.5 mm INA, 2.5 mm ACC, combinations
hereof (all in 0.25% [v/v] ethanol), 0.25% (v/v) ethanol (control), or me-
chanically wounded with a pair of ribbed forceps. Each tray of plants
contained 30 to 40 plants, which were sprayed with approximately 10 mL of
the appropriate solutions. Plants were harvested 4, 24, and 48 h after
treatments. For glucosinolate analysis, the plants were lyophilized, and for
RNA extractions, the plants were harvested directly into liquid nitrogen. In
three independent experiments, eight to 12 plants were used for each
measurement.

For analysis of the effect of auxin on the glucosinolate profile and the
expression of CYP79 genes, Arabidopsis Col-0 was grown for 15 d at a 12-h
light period on Murashige and Skoog medium or Murashige and Skoog
supplemented with 0.2 or 1 �m 2,4-D. Approximately 50 seedlings, four- to
eight-leaf stage, were pooled and subjected to glucosinolate analysis (trip-
licate) and RT-PCR (n � 6).

Seeds of cpr1-1 (Col-0; Dr. Xinnian Dong, Duke University, Durham, NC),
ctr1-1 (Col-0; CS8057), mpk4-1 (Ler; CS5205), the NahG transgenic line (Col-0,
Dr. John Ryals, Paradigm Genetics, Research Triangle Park, NC), mpk4NahG
(segregating with respect to the parental Ler and Col-0 background; Pe-
tersen et al., 2000), and Col-0 and Ler wild types were sown in peat-based
soil (Enhets K-jord, Weibulls, Sweden) supplemented with osmocote, ver-
miculate, and perlite. The plants were cultivated in 21°C at a 24-h light
period at 100 to 120 �mol photons m�2 s�1 and analyzed in the seedling
stage. MeJA was applied as described above and glucosinolates were ex-

tracted after 24 h. The coi1-1 (Col-0; Professor John G. Turner, University of
East Anglia, Norwich, UK) mutant is male sterile, and therefore the glucosi-
nolate study was made on seedlings that were selected on Murashige and
Skoog plates with or without 50 �m MeJA. Furthermore, seeds of coi1 were
sown on soil and grown as described for wild-type Col-0, and the glucosi-
nolate profile of individual plants was determined. These plants did not
exhibit significant changes in the glucosinolate profiles.

RT-PCR

RNA was extracted from Arabidopsis rosette leaves using the TRIzol
reagent (Invitrogen, Carlsbad, CA). Five micrograms of total RNA was
heated to 65°C for 3 min. cDNA was synthesized from the 5 �g of RNA in
RT-buffer (New England Biolabs, Beverly, MA) containing 0.5 mm dNTPs,
200 ng of random hexamers (Amersham Biosciences AB, Uppsala), 10 units
of RNAsin (Promega, Madison, WI), and 25 units of Moloney murine
leukemia virus reverse transcriptase (New England Biolabs) in a total vol-
ume of 20 �L. The mixture was incubated at 37°C for 1 h and heated to 95°C
for 5 min.

PCR reactions were done in a total volume of 50 �L in PCR buffer
(Invitrogen) containing 200 �m dNTPs, 1.5 mm MgCl2, 50 pmol of the forward
and reverse primers, and 2.5 units of Taq DNA polymerase (Invitrogen). The
PCR programs were as follows: 2 min at 94°C, 23 cycles (Actin1; U39449), 27
cycles (PR1; AT2G14580), 28 cycles (PDF1.2; AT5G44420), 32 cycles (CYP79B3
[At2g22330] and CYP79F1 [At1g16410]), or 33 cycles (CYP79B2 [At4g39950]
and CYP79F2 [At1g16400]) of: 94°C for 10 s, 57°C (Actin1) or 53°C (PR1,
PDF1.2) or 54°C (all other primers) for 15 s and 72°C for 45 s. The following
primers were used (all listed from 5� to 3�): Actin1 forward, TGGAACTG-
GAATGGTTAAGGCTGG; Actin1 reverse, TCTCCAGAGTCGAGCACAAT-
ACCG; PDF1.2 forward, TCATGGCTAAGTTTGCTTCC; PDF1.2 reverse,
AATACACACGATTTAGCACC; PR1 forward, GCCCACAAGATTATCTA-
AGGG; PR1 reverse, ACCTCCTGCATATGATGCTCCT; CYP79B2 forward,
AACCCACCATTAAGGAGC; CYP79B2 reverse, TCATAAAATATATACG-
GCGTCG; CYP79B3 forward, AAACCAACCATTAAGGAACT; CYP79B3
reverse, TCCTCGCCGTACGTCACCG; CYP79F1 forward, TTTTTAGA-
CACCATCTTGTTTTCTTCTTC; CYP79F1 reverse, AAAGCTCAATGGGTA-
GAAT; CYP79F2 forward, AAAGCTCAATGCGTCGAAT; and CYP79F2 re-
verse, GCGTCGAAACACATCACAGAG. Most primer sets were designed
to be intron spanning, and with these primers, no PCR products from
genomic DNA were detected. All primers successfully amplified a band of
the correct size when cDNA clones were used as template. A 10� loading
buffer was added to the PCR reactions, and 10 �L was analyzed by gel
electrophoresis on a 1% (w/v) agarose gel. Bands were visualized by
ethidium bromide staining and quantified on a Gel Doc 2000 Transillumi-
nator (Bio-Rad, Hercules, CA). PCR with Actin1-specific primers was used
to ensure that an equal amount of RNA was used for all samples and to
ensure that RT reactions were equally effective. PDF1.2- and PR1-specific
primers were used as positive controls for MeJA- and SA-dependent induc-
tion, respectively. RT-PCR was performed twice on each of three sets of
plants.

Northern Analysis

Total RNA was extracted from 0.5 g fresh weight of 3-week-old rosette
leaves by use of the Trizol Reagent (Invitrogen). Twenty-five micrograms of
RNA was separated on 0.8% (v/v) formaldehyde agarose gels, blotted onto
a Hybond-N (Amersham Biosciences AB) filter, and cross-linked at 0.6 J
cm�2. Approximately 50 ng of the first exon of the S-GT (EMBL accession
no. AC002396, Arabidopsis I BAC F316) and the 25S rRNA (EMBL accession
no. X52320) gene, respectively, were labeled with [�-32P]dCTP using the
Megaprime labeling kit (Amersham Biosciences AB). High-stringency
washes were performed at 68°C with 0.1� SSPE (1� SSPE: 0.18 m NaCl, 10
mm sodium phosphate, pH 7.7, and 1 mm EDTA) and 0.1% (w/v) SDS in the
final wash. The filter was first probed with the S-GT probe and stripped
according to Sambrook et al. (1989) and re-probed with the 25S rRNA probe.
Bands were visualized and quantified on a STORM 840 PhosphorImager
(Molecular Dynamics, Sunnyvale, CA).

Glucosinolate Analysis by HPLC

Glucosinolates were extracted from approximately 20 mg of slightly
homogenized freeze-dried rosette leaves by boiling 4 min in 4 mL of 70%

Mikkelsen et al.

306 Plant Physiol. Vol. 131, 2003



(v/v) methanol. The supernatant was collected, and the plant material was
washed with 2 mL of 70% (v/v) methanol. The extracts were combined and
applied to 200-�L DEAE Sephadex CL-6B (Pharmacia AB, Uppsala) col-
umns (Bio-Rad-Polyprep) equilibrated with 1 mL of 0.02 m KOAc, pH 5.0,
and washed with 1 mL of water. The columns were washed with 2 mL of
70% (v/v) methanol, 2 mL of water, and 0.02 m KOAc, pH 5. After the
addition of 100 �L of 2.5 mg mL�1 Helix pomatia sulfatase (Sigma-Aldrich,
St. Louis), the columns were sealed and left overnight. The resulting des-
ulfoglucosinolates were eluted with 2 � 1 mL of water. The eluate was
lyophilized until dryness and resuspended in 200 �L of water. Aliquots of
100 �L were applied to a Spectachrom HPLC system (Shimadzu, Kyoto)
equipped with a Supelco supelcosil LC-ABZ 59142 RP-amid C-16 (25 cm �
4.6 mm, 5 mm; Supelco; Holm and Halby, Brøndby, Denmark) and an
SPD-M10AVP photodiode array detector (Shimadzu). The flow rate was 1
mL min�1. Desulphoglucosinolates were eluted with water for 2 min fol-
lowed by a linear gradient from 0% to 60% (v/v) methanol in water (48
min), a linear gradient from 60% to 100% (v/v) methanol in water (3 min),
and with 100% methanol (14 min). Detection was performed at 229 and 260
nm using a photodiode array. Desulphoglucosinolates were quantified
based on response factors (Buchner, 1987; Haughn et al., 1991) and internal
benzylglucosinolate- (Merck, Darmstadt, Germany) or p-hydroxybenzyl-
glucosinolate (Bioraf, Åkirkeby, Denmark) standards as previously de-
scribed (Petersen et al., 2001, 2002). The standard was added at the
beginning of the extraction procedure and analyses were done in
triplicates.

ACKNOWLEDGMENTS

Unknown reviewers are acknowledged for critical comments to the
manuscript. Dr. Morten Petersen is thanked for fruitful discussions and
Christina Mattson for excellent technical assistance.

Received July 11, 2002; returned for revision August 12, 2002; accepted
October 14, 2002.

LITERATURE CITED

Bak S, Feyereisen R (2001) The involvement of two cytochrome P450
enzymes, CYP83B1 and CYP83A1, in auxin homeostasis and glucosino-
late biosynthesis. Plant Physiol 127: 108–118

Bak S, Tax FE, Feldmann KA, Galbraith DW, Feyereisen R (2001)
CYP83B1, a cytochrome P450 at the metabolic branchpoint in auxin and
indole glucosinolate biosynthesis in Arabidopsis. Plant Cell 13: 101–111

Barlier I, Kowalczyk M, Marchant A, Ljung K, Bhalerao R, Bennett M,
Sandberg G, Bellini C (2000) The SUR2 gene of Arabidopsis thaliana
encodes the cytochrome P450 CYP83B1, a modulator of auxin homeosta-
sis. Proc Natl Acad Sci USA 19: 14819–14824

Bodnaryk RP (1992) Effects of wounding on glucosinolates in the cotyle-
dons of oilseed rape and mustard. Phytochemistry 31: 2671–2677

Bodnaryk RP (1994) Potent effect of jasmonates on indole glucosinolates in
oilseed rape and mustard. Phytochemistry 35: 301–305

Borek V, Elberson LR, McCaffrey JP, Morra JM (1998) Toxicity of isothio-
cyanates produced by glucosinolates in Brassicaceae species to black vine
weevil eggs. J Agric Food Chem 46: 5318–5323

Bowling SA, Guo A, Cao H, Gordon AS, Klessig DF, Dong X (1994) A
mutation in Arabidopsis that leads to constitutive expression of systemic
acquired resistance. Plant Cell 6: 1845–1857

Buchner R (1987) Glucosinolates in rapeseeds: analytical aspects. In JP
Wathelet, ed, World Crops: Production, Utilization, Description. Marti-
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